We herein report a new class of high-temperature proton exchange membranes comprised of poly(acrylic acid-grafthexadecyltrimethylammonium bromide) (PAA-g-CTAB) or poly (acrylic acid)-graft-poly(ethylene glycol) (PAA-g-PEG) hydrophobic hydrogel caged H 3 PO 4 . The membranes exhibit reasonable proton conductivity, enhanced H 3 PO 4 retention ability and low solubility in water, making them promising as potential high performance and robust electrolytes for high-temperature proton exchange membrane fuel cells. Although the proton conductivity is still lower than that of H 3 PO 4 doped PBI membranes, the new concept provides a different approach to proton exchange membranes for acid retention.
Introduction
Significant advances in Nafion-based proton exchange membrane fuel cells (PEMFCs) have been achieved in the past few decades 1 with a growing number of pre-commercial demonstration units being deployed for both transportation and stationary power generation applications. The eventual commercialization of the technology as an economically viable product is, however, still hampered by the cost and reliability of the overall system, the root cause of which is largely associated with unsatisfactory performance in materials and operations. 2 One global research effort undertaken in recent years to address the issue is to operate PEMFCs at a temperature higher than 100 uC, preferably in the range of 100-200 uC. Many benefits can be gained for a PEMFC by operating in this temperature range: enhanced tolerance to CO and H 2 S, elimination of water management, the ability to use nonprecious metals as the electrodes, 3 and promoted electrode kinetics and ionic conductivity. The enabling material for hightemperature PEMFCs is the proton exchange membrane (PEM) that needs to be stable and proton conducting at 100-200 uC and in anhydrous conditions. 4 The leading high-temperature PEMs are the H 3 PO 4 doped poly(benzimidazole) (PBI) membrane series, among which, that developed by Benicewicz et al. using a sol-gel hydrolysis process with poly(phosphoric acid) has shown the best performance. 5 However, one of the issues associated with H 3 PO 4 -doped PBI membranes is the gradual leaching-out of the H 3 PO 4 from PBI membrane by the moisture formed at the cathode during long-term operation of fuel cell. 6 However, the proton conductivity of these membranes is too low (y10 24 S cm
21
) for their practical application in PEMFCs.
Here we demonstrate the use of hydrophobic poly(acrylic acidgraft-hexadecyltrimethylammonium bromide) (PAA-g-CTAB) and poly(acrylic acid)-graft-poly(ethylene glycol) (PAA-g-PEG) hydrogels as placeholders to contain the proton conducting H 3 PO 4 phase in a new class of PEM for high-temperature PEMFCs. The design of these new membranes is inspired by the structure of the wellknown Nafion PEM where the backbone of the Nafion polymer possesses extreme hydrophobicity, while its terminal sulfonic acid functional group shows extreme hydrophilicity. In the presence of water, the hydrophilic sulfonic acid domains become highly hydrated to provide high proton conductivity while the hydrophobic Nafion polymer backbone provides good mechanical stability for the membrane. In the new PEMs reported, the hydrophobic PAA-g-CTAB and PAA-g-PEG polymers provide mechanical support for proton conducting H 3 PO 4 for hightemperature PEMFC applications. The synthesized PAA-g-CTAB and PAA-g-PEG hydrogels are chemically crosslinked polymers with a highly interconnected 3D framework, allowing a large amount of alcohol assisted H 3 PO 4 accommodation. Once incorporated into the microstructure, the functional H 3 PO 4 can be permanently caged inside the network, yielding excellent H 3 PO 4 retention ability even under high compression.
Synthesis of hydrophobic PAA-g-CTAB composites
The hydrophobic PAA-g-CTAB composites were synthesized according to a simple two-step method which has been described in our previous work. [7] [8] [9] [10] In detail, 11 a solution mixture consisting of acrylic acid monomer (99.5%, extra pure, Acros Organics), CTAB (¢=99% min., Acros Organics) and crosslinker N,N9-(dimethylene)acrylamide (NMBA, 96%) was made by agitating deionized water (10 mL), acrylic acid (10 g), CTAB (0.5 g) and NMBA (0.004 g) in a water-bath at 85 uC. Under vigorous stirring, ammonium persulfate (APS, 98%) (0.045 g) was added to the above mixture. The acrylic acid monomers were initiated by the thermal decomposition of APS to form PAA prepolymers. The viscosity increased gradually as polymerization proceeded. When the viscosity of the PAA prepolymers reached around 180 mPa s
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(the viscosity of the reagent was measured using a Haaker ReoStress RS75 rheometer at a shear rate of around 100 s
), the reagent was poured into a petri dish and cooled to room temperature until the formation of a transparent elastic gel. The PAA-g-CTAB membranes were then molded into w 3 cm die. After washing with ethanol, the membranes were dried under vacuum at 50 uC for 24 h.
Synthesis of the hydrophobic PAA-g-PEG composite
The hydrophobic PAA-g-PEG composite was also synthesized according to the method described in our previous work. [7] [8] [9] [10] In detail, a solution mixture consisting of acrylic acid monomer, PEG (M w = 20 000, Acros Organics) and crosslinker NMBA was made by agitating DI-water (10 mL), acrylic acid (10 g), PEG (2.5 g) and NMBA (0.004 g) in a water-bath at 85 uC. 10 Under vigorous stirring, 0.045 g of APS was added to the above mixture. When the viscosity of the PAA prepolymers reached around 180 mPa s
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, the reagent was poured into a petri dish and cooled to room temperature until the formation of an elastic transparent gel. The PAA-g-PEG membranes were then molded into w 3 cm die. After washing with ethanol, the membranes were dried under vacuum at 50 uC for 24 h.
Preparation of hydrophobic hydrogel caged H 3 PO 4 membranes
The dried PAA-g-CTAB or PAA-g-PEG membranes were immersed in H 3 PO 4 ethanol alcohol solutions with concentrations of 10 and 30 wt%. The absorption process was carried out in a sealed bottle at room temperature for 7 days until the weight of the membrane hydrogels reached a constant for an absorption equilibrium. The resultant product was then rinsed with DI water and dried under vacuum at 60 uC for 3 days to drive off all ethanol and obtain the final PAA-g-CTAB caged H 3 PO 4 and PAA-g-PEG caged H 3 PO 4 membranes. The H 3 PO 4 loading (wt%) shown in Table 1 was calculated by:
where m PA (g) is the mass of PAA-g-CTAB caged H 3 PO 4 or PAAg-PEG caged H 3 PO 4 and m 0 (g) is the mass of PAA-g-CTAB or PAAg-PEG.
Electrochemical characterization
The through-plane proton conductivities of the hydrophobic membranes in the dried state were characterized with acimpedance spectroscopy using a Zahner IM6 Electrochemical Workstation (ZAHNER-Electrik Gmbh & Co., Kronach, Germany) in a frequency range of 1 Hz-4 MHz and an ac amplitude of 10 mV in a temperature range of 25-183 uC. Self-adhesive carbon conductive tapes with a diameter of 1.18 cm were used as the electrodes. The ohmic resistance associated with the membranes was determined from the high frequency intersection of the spectrum with the Z9 axis, from which the proton conductivity can be calculated.
H 3 PO 4 retention
The H 3 PO 4 retention was evaluated by both cumulative H 3 PO 4 release and residual proton conductivity. 0. 
Other characterization
The morphologies of the samples were captured with a Zeiss Ultra Plus field emission scanning electron microscope (FESEM). Swollen PAA-g-CTAB caged H 3 PO 4 or swollen PAA-g-PEG caged H 3 PO 4 membranes were cut into ultrathin films and kept at freezing temperature to remove the ethanol.
Results and discussion
The synthesis of hydrophobic PAA-g-CTAB and PAA-g-PEG hydrogels is an example of a free-radical initiated grafting copolymer- ) [reaction (2) in Fig. 1] . 12, 13 The OH ? radicals serve as the initiator for the process of polymerization by generating free radicals on the .CLC, bonds of N,N9-(dimethylene)acrylamide (NMBA) and acrylic acid [reaction (3) in Fig. 1 ]. In the mixture of acrylic acid and CTAB, they form a complex and release one molecule of HBr because of the strong electrostatic attraction between a negatively charged acrylic acid molecule and a positively charged CTAB molecule. 14 However, the acrylic acid molecule and PEG form one macromolecular monomer by dehydrating one water molecule. 12 During chain propagation, the acrylic acid-CTAB and acrylic acid-PEG will form 3D network-structured PAA-g-CTAB (Structure A in Fig. 1 ) and PAAg-PEG (Structure C in Fig. 1 ) frameworks, respectively, because of the biradical nature of NMBA. 15 The grafting of CTAB or PEG on poly(acrylic acid) (PAA) backbones results in the loss of hydrophilicity from PAA and the creation of hydrophobicity from the long alkyl chains in the newly formed PAA-g-CTAB and PAAg-PEG. In fact, the as-obtained PAA-g-CTAB is the integration of complicated structures comprising 3D PAA, linear PAA, 3D PAAg-CTAB and linear CTAB. Similarly, the resultant PAA-g-PEG is composed of 3D PAA, linear PAA, 3D PAA-g-PEG and linear PEG. Physical entanglement in combination with the chemical bonds and hydrogen bonds results in the formation of a high-strength composite. The as-synthesized PAA-g-CTAB and PAA-g-PEG composites are typical hydrophobic hydrogel materials that can swell in H 3 PO 4 alcohol solution (al-H 3 PO 4 ), resulting in an open pore structure allowing for easy incorporation of H 3 PO 4 into the 3D frameworks, driven by osmotic pressure present across the membranes. 16 The absorption of al-H 3 PO 4 by PAA-g-CTAB and PAA-g-PEG polymers causes the hydrophobic frameworks to stretch and expand considerably in volume, the process of which can be briefly summarized by the following three steps: 17 (i) adsorption of alcohol on the surface of hydrophobic PAA-g-CTAB or PAA-g-PEG membrane because of the hydrophobicity of long alkyl chains; (ii) relaxation of PAA-g-CTAB and PAA-g-PEG macromolecule chains, and (iii) stretch of the whole PAA-g-CTAB and PAA-g-PEG macromolecule chains in al-H 3 PO 4 . After the removal of the alcohol, the PAA-g-CTAB caged H 3 PO 4 (Structure B in Fig. 1 ) and PAA-g-PEG caged H 3 PO 4 (Structure D in Fig. 1 ) are successfully synthesized, and the remaining H 3 PO 4 molecules in the vicinity of PAA-g-CTAB and PAA-g-PEG framework backbones form hydrogen bonds with CLO and O-H groups. The H 3 PO 4 away from the framework backbones is free. We observed that the sample with low H 3 PO 4 loading exhibited rigidity, but it became more flexible at higher H 3 PO 4 loading, indicating the presence of free H 3 PO 4 within the membranes. The free H 3 PO 4 plays an important role in achieving the high proton conductivity of the membranes. The cross-sectional microstructures of the as-synthesized anhydrous PAA-g-CTAB and PAA-g-PEG polymers are shown in Fig. 2a and c , respectively, the microstructures of which are highly dense with no open pores. After imbibing in al-H 3 PO 4 and drying at 60 uC, the membranes shrink to a large degree and become dense as shown in Fig. 2b and d . At this stage, the caged H 3 PO 4 molecules have formed hydrogen bonds with the functional groups, such as O-H and CLO, abundant in the polymer framework of PAA-g-CTAB and PAA-g-PEG, or established their own 3D conduction pathways via hydrogen bonds. The protons can then migrate along these connected hydrogen bonds throughout the membrane by successive proton transfer and reorientation steps schematically shown in Fig. 1b and d . 18 Revealed by the freeze-drying technique, the internal open porous frameworks of PAA-g-CTAB and PAA-g-PEG memebranes have a layered laminar structure with interconnected channels in between for PAA-g-CTAB caged H 3 PO 4 and a randomly porous structure for PAA-g-PEG caged H 3 PO 4 . Fig. 2 Cross-sectional view of microstructures of (a) as-synthesized PAA-g-CTAB polymer, (b) PAA-g-CTAB caged H 3 PO 4 (H 3 PO 4 loading: 71.2 wt%) membrane dried at 60 uC, (c) as-synthesized PAA-g-PEG polymer, (d) PAA-g-PEG caged H 3 PO 4 (H 3 PO 4 loading: 49.7 wt%) memberane dried at 60 uC. Images (e) and (f) are the 3D porous framworks of hydrophobic PAA-g-CTAB and PAA-g-PEG hydrogel caged H 3 PO 4 membranes revealed by freeze-drying off alcohol from the membranes, respectively.
The proton conductivities of PAA-g-CTAB membranes with two H 3 PO 4 loadings measured under dry air from 25-183 uC follow reasonably the Arrhenius relationship in Fig. 3a . It is interesting to note that the activation energy in this membrane, E a , appears to increase with H 3 PO 4 loading; this is opposite to that of H 3 PO 4 -doped PBI membranes, 2 but similar to that of linear polyacrylamide-H 3 PO 4 membranes. 19 Although it is unclear as to the exact mechanism of proton conduction in such a composite organicinorganic membrane, [20] [21] [22] the exhibited E a reflects a combined effect from proton transport via hydrogen bonds present in H 3 PO 4 as well as those formed with the host's functional group, CLO, in the polymer as shown in Fig. 1B . However, the proton conductivity of H 3 PO 4 -imbibed PAA-g-PEG, Fig. 3b ) membranes were immersed into 50 mL DIwater. The cumulative H 3 PO 4 dissolution was subsequently measured using Standard Methods for the Examination of Water and Wastewater 4500-P E (ascorbic acid method). After water exposure, the conductivity of the membranes was measured again at 183 uC. The release behaviour of H 3 PO 4 from the hydrophobic membranes is shown in Fig. S1, ESI. 3 Overall, the level of H 3 PO 4 release is insignificant and decreased after 5 h, indicating a good H 3 PO 4 retention ability in the presence of water. To further understand the release mechanism of H 3 PO 4 , the accumulative H 3 PO 4 release mass is studied by using the semi-empirical 24 where M t and M ' are the cumulative mass of the H 3 PO 4 release at time t and at equilibrium, respectively; k is the rate constant relating to the property of the hydrophobic matrix; n is the release exponent depicting the transport mechanism. By plotting log(M t /M ' ) versus log(t), the n and k values were obtained from the fitting and are shown in Fig. 4a . The k value from PAA-g-CTAB caged H 3 PO 4 is 0.392, higher than that from PAA-g-PEG caged H 3 PO 4 , k = 0.0898. This difference can be attributed to the formation of a denser framework with a higher H 3 PO 4 loading, 25 which in turn slows down the release of hydrogen-bonded H 3 PO 4 . In addition, the n values in both cases were found to be in the range of 0 to 0.5, implying a pseudoFickian diffusion release mechanism. 24 Overall, the rate of H 3 PO 4 release in these hydrophobic membranes is negligible compared to that of H 3 PO 4 -doped PBI membranes where H 3 PO 4 can be totally leached out in the presence of water in less than 10 min. 5 The high acid retention ability has also been confirmed by the unchanged proton conductivities of the membranes shown in Fig. 4b , measured after water exposure. Clearly, this acid retention is a benefit of the formation of an external and hydrophobic layer on the surface of the membranes during the drying process. 26 The hydrophobic repulsion on the membrane surface is strong enough to stop water molecules from attacking H 3 PO 4 caged in the membrane due to the zero osmotic pressure. 15 
Conclusions
In summary, a new class of PEMs consisting of hydrophobic PAAg-CTAB and PAA-g-PEG polymers imbibed with H 3 PO 4 has been synthesized by a simple and low-cost approach as potential hightemperature PEMs. 4 retention ability in the presence of water. More importantly, the idea to use 3D hydrophobic hydrogel materials as the templates to imbibe intrinsic proton conductors can be applied to other systems with higher hydrophobicity and organic solvent absorbency to promote higher H 3 PO 4 loading, and therefore proton conductivity for low-cost and robust high temperature PEMs.
